Unlike autosomal dominant polycystic kidney disease (ADPKD), autosomal recessive polycystic kidney disease (ARPKD) is not generally known to be associated with vascular abnormalities. Only 4 cases of ARPKD patients with intracranial aneurysms have been reported previously. We present 2 ARPKD patients with extracranial vascular abnormalities: a young man with infrarenal aortic and iliac artery aneurysms complicated by dissection and a teenage girl with multiple splenic and gastric artery aneurysms and arterial vascular malformations. These cases raise the question of whether vascular integrity and development may be impaired in ARPKD, perhaps through molecular mechanisms overlapping with ADPKD. This possibility is supported by studies in mice that show ARPKD gene expression in the walls of large blood vessels.
Introduction
Clinical manifestations of autosomal recessive polycystic kidney disease (ARPKD) include enlarged kidneys with innumerable collecting duct cysts, progressive chronic kidney disease (CKD), and liver disease with dilated intrahepatic bile ducts, congenital hepatic fibrosis (CHF), and portal hypertension [1] . In contrast to autosomal dominant polycystic kidney disease (ADPKD), in which intracranial aneurysms are reported in 5-10% of patients [2] [3] [4] , there is no strong association of vascular abnormalities with ARPKD. To date, there have been 4 reported cases of ARPKD patients with intracranial aneurysms [5] [6] [7] [8] . To our knowledge, there have been no prior reports of ARPKD patients with extracranial aneurysms. Here, we describe 2 ARPKD patients who presented with unusual extracranial vascular abnormalities.
Patient 1
A 36-year-old male with ARPKD, stage 4 CKD, Caroli syndrome, CHF, and portal hypertension presented with 2 weeks of intermittent, cramping mid-lower abdominal pain radiating to the bilateral flanks. His past medical history was notable for hypersplenism with thrombocytopenia and esophageal varices without bleeding, previously treated with banding for primary prophylaxis. He had hepatocellular carcinoma at age 24 years and underwent hepatic wedge resection. He had no significant history of systemic hypertension.
Initial exam revealed a blood pressure of 135/77 mm Hg with normal heart rate. He was not in acute distress. He had splenomegaly, minimal lower abdominal tenderness, hypoactive bowel sounds, and no abdominal bruits. He had no edema, normal capillary refill, and normal femoral and pedal pulses. Laboratory studies showed normal hemoglobin, platelets 90,000/µL, serum creatinine 2.3 mg/dL, INR 1.3, normal liver enzymes, total bilirubin 1.5 mg/dL, and serum albumin 3.1 g/dL.
Noncontrast abdominal computed tomography (CT) showed stranding along the infrarenal aorta and hypodensity in the left common iliac artery, suspicious for thrombus. Aorto-iliac duplex study revealed a 3.2-cm fusiform infrarenal abdominal aortic aneurysm (AAA) and 1.9-cm aneurysms of the bilateral common iliac arteries, with possible dissection of the right common iliac artery. CT angiogram confirmed fusiform dilation of the infrarenal abdominal aorta (3.1 cm in diameter), with complex dissection extending from the level of the second lumbar vertebra to the right common iliac artery ( Fig. 1 ). There was also fusiform dilation of the bilateral common iliac arteries (1.9 cm in diameter) and of the celiac artery (1.2 cm in diameter), with linear hypodensity in the celiac artery that was concerning for dissection.
He received anticoagulation with a heparin infusion followed by transition to oral warfarin and was started on oral propranolol for primary prophylaxis against esophageal variceal bleeding.
Patient 2
A 17-year-old female with ARPKD, stage 3 CKD, CHF, and severe portal hypertension with a history of multiple esophageal variceal bleeds (with portocaval shunt placement at age 3 years and multiple prior sclerotherapy treatments) presented with massive upper gastrointestinal (GI) tract bleeding with abdominal pain, hematemesis, and grossly bloody stool. She was tachycardic and hypotensive to 80/40 mm Hg. Gastric lavage showed gross blood. Laboratory studies showed hemoglobin 9.3 g/dL, platelets 75,000/µL, serum potassium 5.5 mmol/L, serum creatinine 1.3 mg/dL, INR 1.6, and serum albumin concentration 1.8 g/dL. She had significant blood loss requiring numerous transfusions of packed red cells, platelets, plasma, and cryoprecipitate. Additional supportive therapy included octreotide infusion, pantoprazole, ranitidine, vitamin K, vasopressors, intubation, and sedation.
Emergency endoscopy could not localize the source of bleeding due to a large amount of blood in the stomach. Emergency celiac angiography showed multiple aneurysms involving the celiac trunk, including multiple short gastric arteries, the splenic artery and its branches, and the left gastric artery ( Fig. 2a-c ). She developed massive hemorrhage from the left gastric artery during the procedure, and coil embolization was performed with cessation of bleeding. Recurrent GI bleeding 2 days later necessitated exploratory laparotomy and oversewing of the bleeding vessel. Over the following 2 years, she had recurrent episodes of GI hemorrhage. At age 19 years, she presented with massive GI bleeding refractory to medical and endoscopic therapies. She underwent emergent subtotal gastrectomy, splenectomy, and transverse colectomy but died the following day. Gastric pathology revealed multiple large submucosal arterial vascular malformations (up to 3.5 cm in diameter; Fig. 2d , e), some with ulceration of the overlying mucosa (Dieulafoy-like lesions).
Discussion
There have been 4 prior reports of intracranial aneurysms in ARPKD patients [5] [6] [7] [8] , but to our knowledge, these are the first reported cases of ARPKD patients with extracranial vascular abnormalities. Patient 1 presented in his 4th decade with an AAA and common iliac artery aneurysms with dissection. Patient 2 presented as a teenager with multiple aneurysms and arterial vascular malformations arising from branches of the celiac artery, including the splenic artery and its branches, and the gastric arteries. Pathology showed large submucosal arterial vascular malformations, suggestive of a developmental vascular defect.
It is unlikely that these vascular abnormalities represent a simple coincidence with ARPKD. AAA and iliac artery aneurysms are the first and second most common intraabdominal arterial aneurysms in the general population [9] . However, AAA is exceedingly rare in younger age groups; in a population-based study of over 6,000 individuals aged 25-84 years, no one aged less than 48 years had AAA [10] . Patient 1 had no other risk factors for AAA, such as hypertension, smoking, or hypercholesterolemia [11] . However, CKD is also a risk factor for AAA [12] and may have been a predisposing factor in this patient.
Splenic artery aneurysms (SAA) are the third most common intra-abdominal arterial aneurysms [9] but are rare, with an estimated population prevalence of 0.78% [13] . However, SAA is much more common in patients with portal hypertension, with a prevalence as high as 8.8% in patients with cirrhotic portal hypertension [14] . SAA is also more common in females than in males [9] . Patient 2 had both of these risk factors. However, aneurysms of the gastric arteries are much rarer, representing only about 2% of true splanchnic artery aneurysms [15] . In addition, the gastric histopathology in patient 2 was more consistent with a primary developmental arterial vascular defect rather than a secondary aneurysmal weakening of the vessel walls.
It is possible that these patients had a coexisting primary vascular disorder, such as fibromuscular dysplasia, which has been associated with aneurysms and dissection in aortic, iliac, and celiac artery distributions [16] . Although we cannot disprove this possibility, we note that any characteristic histopathologic findings of fibromuscular dysplasia, such as medial fibroplasia, medial hyperplasia, intimal fibroplasia, and perimedial dysplasia [17] , were absent in patient 2.
Given our patients' other risk factors for intra-abdominal aneurysms, including CKD and portal hypertension [14, 18] , it is possible that the aneurysms resulted from nonspecific secondary effects of other pathological factors rather than a direct association with ARPKD. However, these cases, along with the prior reports of intracranial aneurysms in ARPKD patients [5] [6] [7] [8] , raise the question of whether there could be disease-specific effects of ARPKD on vascular integrity or development. The association of ADPKD with intracranial aneurysms is well established [2] [3] [4] , and since the pathways involved in ARPKD and ADPKD are linked, it is possible that there is a previously underrecognized overlap in the vascular phenotype.
ARPKD is caused by mutations in PKHD1 (6p21.1-p12) [19, 20] , a large gene whose protein product, fibrocystin/polyductin (FPC), is a single membrane-spanning protein that is expressed most highly in tubular epithelia of the kidney, bile ducts, and pancreas [20, 21] . Mouse studies have also shown strong gene expression in the muscular wall of large blood vessels, including the thoracic and abdominal aorta [22] .
ADPKD is caused by mutations in 1 of 2 genes, PKD1 (16p13.3), accounting for ~85% of patients [23] , or PKD2 (4q21). The PKD1 product, polycystin-1, is a large integral membrane protein, and the PKD2 product, polycystin-2, is a calcium-transporting channel in the transient receptor potential (TRP) family [24] . Polycystin-1 is widely expressed in adult tissues, particularly in renal tubular epithelia [25] . Mouse studies have also shown high levels of Pkd1 expression in the heart, aorta, intracranial arteries, and other major blood vessels. Polycystins-1 and -2 interact to form a complex [26] that localizes to the primary cilium [27] , an organelle with essential signaling and sensory roles in numerous mammalian cell types, including renal tubules [28] . The ARPKD protein, FPC, also interacts with polycystin-2 and regulates its expression and function [29] [30] [31] . Thus, common signaling pathways appear to underlie the pathophysiology of ARPKD and ADPKD.
ADPKD is strongly associated with vascular abnormalities, particularly intracranial aneurysms, which occur in 5-10% of patients [2] [3] [4] . Other vascular abnormalities have also been described in ADPKD, including intracranial dolichoectasia [32, 33] , ascending aortic aneurysms [34] , and dissections of the coronary [35, 36] and vertebral [37] arteries. It has also been suggested that ADPKD patients are at higher risk for AAA [38] [39] [40] [41] , although a systematic study found no increased risk of AAA in ADPKD patients compared to healthy family members [42] .
As reviewed recently by Perrone et al. [43] , there is evidence to suggest that polycystins are involved in maintaining vascular integrity [44] . ADPKD has been associated with endothelial dysfunction and defects in angiogenesis [45] . Possible mechanisms for these defects include abnormal mechanosensation by vascular endothelial primary cilia [46] , abnormal endothelial cell migration [47] , or dysregulation of VEGF pathways [48] or TGF-β signaling [49] .
Data from animal models also suggest a role for FPC in maintaining vascular integrity. Abnormal microvascular structure has been described in the PCK rat model of ARPKD [50] . In this model, endothelial dysfunction occurs even before the onset of hypertension or CKD, suggesting a primary effect of ARPKD [51] . These 2 patients, along with the biological evidence that polycystins and FPC have a role in maintaining vascular integrity, highlight the need for further studies to elucidate whether (d, e) . a-c Celiac angiography demonstrates multiple aneurysms including multiple short gastric arteries, the splenic artery and its branches, and the left gastric artery. A, common hepatic artery; B, gastroduodenal artery; C, left gastric artery with multiple aneurysms; D, absent proximal splenic artery, occluded at origin; E, multiple aneurysms in presumed short gastric arteries; F, collaterals reconstituting distally into markedly deformed aneurysmal splenic artery stump; G, multiple intrasplenic aneurysms; H, active extravasation from the left gastric artery; I, multiple intragastric arterial aneurysms. d Stomach, trichrome stain. e Stomach, elastic stain. J, large submucosal arterial vascular malformations.
